Foot-and-mouth disease (FMD) is a highly contagious viral disease of wild and domestic cloven-hoofed animals (22) . The etiologic agent, FMD virus (FMDV), is a positive-stranded RNA virus that belongs to the Aphthovirus genus of the Picornaviridae family. The genome of FMDV encodes a polyprotein which is processed into structural and nonstructural proteins by three virus-encoded proteinases, i.e., leader (L pro ), 2A, and 3C
pro (31) . L pro , the first protein to be translated from the FMDV genome, is initiated at two different AUGs that are separated by 84 nucleotides, and this results in two alternative forms of L pro , termed Lab pro and Lb pro . Both forms have been detected in vitro and in infected cells (7, 32) . L pro is a wellcharacterized papain-like protease that cleaves itself off the nascent polyprotein precursor (36, 39) . Using a genetically engineered FMDV lacking the L pro -coding region (A12-LLV2), de Los Santos et al. demonstrated that L pro inhibits the induction of beta interferon (IFN-␤) and blocks the host innate immune response (9) . However, the exact molecular mechanisms underlying the ability of L pro to inhibit IFN-␤ induction remain to be elucidated.
It is well known that IFN-␤ transcription requires the coordinate activation of the latent transcription factors NF-B, interferon regulatory factors (IRFs), and ATF2-c-Jun (AP-1) and their subsequent binding to the IFN-␤ enhancer elements (47) . Many of the signaling events that link the sensors to the transcription factors are mediated by the activities of kinases and ubiquitinating enzymes that modify and activate critical intermediates in the signaling cascade (3, 4, 25) . Type I IFNs trigger signals that culminate in expression of IFN-stimulated genes (ISGs) and inflammatory cytokines, which suppress the replication of invading pathogens and also facilitate the development of adaptive immune responses (37, 48) . However, the ubiquitin (Ub) chains conjugated to signaling molecules during activation of each pathway can be inactivated by cellular deubiquitylation enzymes (DUBs) such as A20, CYLD, and DUBA (17, 26, 52) , suggesting that ubiquitin modification enzymes and DUBs play critical roles in modulating the immune responses.
Recent work has further revealed that many viruses have evolved elaborate strategies to counteract innate antiviral immune signaling pathways by redirecting or inhibiting the ubiquitination machinery of the host for their survival (49) . For example, HIV-1 prevents the antiviral interferon response via Vpr-and Vif-directed ubiquitin-mediated degradation of IRF-3 (35) , the N-terminal protease (Npro) of bovine viral diarrhea virus interacts with IRF-3 and promotes its polyubiquitination and degradation through the proteasome (5, 23) , and the murid herpesvirus 4 (MuHV-4) latency-associated protein ORF73 associates with the host ubiquitin-ligase complex to promote polyubiquitination and subsequent proteasomal degradation of p65/RelA, which inhibits the activity of NF-B that facilitates MuHV-4 latency (40) . Recent studies showed that the papain-like protease (PLpro) domains of many coronaviruses, such as severe acute respiratory syndrome coronavirus (SARS-CoV), human coronavirus (HCoV) NL63, and mouse hepatitis virus (MHV) A59, act as both papain-like proteases and deubiquitinating enzymes that block type I IFN induction (2, 6, 8, 13, 18, 28, 54) . The FMDV L pro is a papainlike protease and has been shown to inhibit the induction of transcription of IFN-␤ (9, 10, 39, 51). However, the precise mechanism(s) by which FMDV L pro exerts this effect remains unclear. In this work, sequence alignment and structural bioinformatics analyses suggested that the topology of FMDV Lb pro is remarkably similar to that of ubiquitin-specific protease 14 (USP14) (24), a cellular DUB, and to that of SARS-CoV PLpro (38), a coronaviral DUB. We then conducted experiments to demonstrate that the papain-like protease of FMDV, Lb pro , is also a novel viral DUB. Furthermore, we found that Lb pro cleaves ubiquitin moieties from critical signaling proteins of the type I IFN signaling pathway, such as retinoic acidinducible gene I (RIG-I), TANK-binding kinase 1 (TBK1), tumor necrosis factor (TNF) receptor-associated factor 3 (TRAF3), and TRAF6. In addition, mutations that ablate the catalytic activity or disrupt the SAP (for SAF-A/B, Acinus, and PIAS) domain of Lb pro abrogate the DUB activity and also the ability of Lb pro to block IFN-␤ induction.
MATERIALS AND METHODS

Cells and virus.
HEK293T cells (human embryonic kidney epithelial cells) were maintained in Dulbecco's modified Eagle medium (DMEM) (Invitrogen) supplemented with 10% heated-inactivated fetal calf serum (FCS), 100 U/ml penicillin, and 10 g/ml streptomycin sulfate at 37°C in a humidified 5% CO 2 incubator. Porcine kidney (IBRS-2) cells were grown in Eagle minimal essential medium (MEM) supplemented with 10% heated-inactivated FCS, 100 U/ml penicillin, and 10 g/ml streptomycin sulfate. FMDV strain O/ES/2001 was propagated in IBRS-2 cells, and the supernatants of infected cells were clarified and stored at Ϫ80°C. Sendai virus (SEV) was obtained from the Centre of Virus Resource and Information, Wuhan Institute of Virology, Chinese Academy of Sciences.
Plasmids. Full-length hemagglutinin (HA)-tagged ubiquitin (Ub) plasmid (HA-Ub) and HA-Ub mutants in which all but one Lys residue (HA-K48-Ub or HA-K63-Ub) was replaced with Arg were gifts of Tomohiko Ohta (St. Marianna University School of Medicine, Japan) (34) . pcDNA3.1-Flag-Ub was previously described (8) . The expression plasmids for wild-type (WT) RIG-I (pEF-Flag-RIG-I), its constitutively active mutant (pEF-Flag-RIG-IN), and p125-Luc (IFN-␤-Luc) were kindly provided by T. Fujita (Tokyo Metropolitan Institute of Medical Science, Tokyo, Japan In vitro deubiquitination assay. The FMDV Lb pro protein was purified from cells transfected with pcDNA3.1-V5/His/Lb pro using Ni Sepharose 6 Fast Flow (GE Healthcare) according to the manufacturer's protocol. As a negative control, Ni Sepharose 6 Fast Flow was also used to isolate the proteins from empty-vector-transfected cells. The polyubiquitin chains were purchased from Boston Biochem (K48-Ub2-7 [catalog no. UC-230] and K63-Ub2-7 [catalog no. UC-330]). The purified products were incubated with 3 g of K48-Ub2-7 chains or K48-Ub2-7 chains at 37°C in a 30-l reaction mixture containing 25 mM NaCl, 100 mg/ml bovine serum albumin (BSA), and 2 mM dithiothreitol (DTT). A control reaction mixture was incubated under identical conditions with the exclusion of enzyme. Reactions were terminated by addition of 5ϫ SDS-PAGE sample loading buffer (Beyotime, China) followed by heat treatment at 100°C for 5 min. The samples were analyzed by electrophoresis on a 15% SDS-polyacrylamide gel and stained with Coomassie blue dye.
Assay of deubiquitination activity in vivo. The effect of FMDV Lb pro on ubiquitinated cellular proteins in vivo was assessed as described previously (14) . HEK293T cells cultured in 60-mm dishes were cotransfected with 1 g of HAUb, HA-K48-Ub, or HA-K63-Ub plus appropriate amounts of constructs containing FMDV Lb pro or the corresponding mutants using Lipofectamine 2000. Where applicable, the empty pcDNA3.1/V5-HisB vector was supplemented to keep the total amount of DNA transfected constant. After 30 h, cells were harvested by adding 250 l 2ϫ lysis buffer A (LBA) (65 mM Tris-HCl [pH 6.8], 4% sodium dodecyl sulfate, 3% DL-dithiothreitol, and 40% glycerol) containing 20 mM N-ethylmaleimide (NEM) (Sigma) and 20 mM iodoacetamine (Sigma). Cell lysates were then analyzed for ubiquitin-conjugated proteins by Western blotting with anti-HA antibody (1:1,000) (MBL, Japan). To confirm the expression levels of FMDV Lb pro and the mutants, anti-V5 antibody (MBL, Japan) was used to detect the V5-tagged proteins. Beta-actin was detected with anti-betaactin monoclonal antibody (MAb) (Beyotime, China) to demonstrate equal protein sample loading.
Luciferase reporter gene assay. HEK293T cells grown in 24-well plates were cotransfected with 0.1 g/well of IFN-␤-Luc along with 0.05 g/well of pRL-TK plasmid (Promega) (for normalization of transfection efficiency) and various other expression plasmids or an empty control plasmid. In some experiments, cells were further infected or mock infected with SEV at 24 h after the initial cotransfection. Cells were harvested 12 h later, and firefly luciferase and Renilla luciferase activities were determined using the dual-luciferase reporter assay system (Promega) according to the manufacturer's protocol. Data represent relative firefly luciferase activity normalized to Renilla luciferase activity and are representative of three independently conducted experiments. Data are presented as means Ϯ standard deviations (SD). A P value of less than 0.01 was considered highly statistically significant.
Coimmunoprecipitation and immunoblot analysis. Transient transfection of HEK293T cells with the indicated plasmids was performed routinely using Lipofectamine 2000 as per the manufacturer's instructions (Invitrogen). Transfected HEK293T cells from each 100-mm dish were lysed in l ml lysis buffer (25 mM Tris-HCl [pH 7.5], 150 mM NaCl, 1% Triton X-100, 20 nM phenylmethylsulfonyl fluoride [PMSF]), and the protein concentration was measured and adjusted. For each immunoprecipitation, 500 g of cell lysate protein was incubated with 0.5 g of the indicated antibody and 25 l of protein AϩG-agarose (Beyotime, China) overnight at 4°C. The Sepharose beads were then washed three times with 1 ml lysis buffer. The precipitates were subjected to 10% SDS-PAGE and subsequent immunoblot analysis using the indicated antibodies.
RESULTS
Bioinformatics analysis predicts FMDV Lb
pro to be a viral DUB. Based on the structures of their catalytic domains, the human DUBs have been classified into five subfamilies, most of which exhibit a high degree of homology mainly in two regions known as Cys and His boxes (C and H boxes, respec- tively) that surround the catalytic Cys and His residues (33, 53) . FMDV L pro is a well-characterized papain-like proteinase that also possesses the catalytic Cys and His residues (21, 43) . Sequence alignment showed that Cys51 and His148 (numbering based on FMDV type O Lab pro ) are highly conserved among all seven serotypes of FMDV (Fig. 1A) . To predict whether FMDV Lb pro has the structural characteristics of a deubiquitinating enzyme, the structure comparison service Secondary-Structure Matching (SSM) (http://www.ebi.ac.uk /msd-srv/ssm/cgi-bin/ssmserver) was used by clustering FMDV Lb pro with USP14 (24), a known cellular DUB, and SARSCoV PLpro (38), a known viral DUB. As shown in Fig. 1B , the topology of FMDV Lb pro is remarkably similar to those of SARS-CoV PLpro and USP14, with corresponding root mean square (RMS) deviations of alignment of 2.845 Å and 2.776 Å, respectively, despite the fact that FMDV Lb pro has low amino acid sequence homology with SARS-CoV PLpro and USP14 (9.2% and 12.3%, respectively). These data suggested that FMDV Lb pro is likely a viral DUB. FMDV Lb pro processes K48-linked and K63-linked polyubiquitin in vitro. As mentioned in the introduction, initiation of FMDV protein synthesis can occur at the first or the second AUG codon (7, 32) . To avoid initiation of translation at both sites, we subcloned the FMDV Lb pro fragment into pcDNA3.1-V5/His B in frame with C-terminal V5-6ϫ His tags and transfected the construct into HEK293T cells. To further determine if FMDV Lb pro has DUB activity, a DNA construct expressing FMDV Lb pro was transiently transfected into HEK293T cells and the recombinant Lb pro was purified from cell lysates using Ni Sepharose 6 Fast Flow ( Fig. 2A) . When incubated with K48-and K63-linked polyubiquitin chains in vitro, the purified Lb pro was able to cleave both substrates ( Fig. 2B and C) . Upon prolonged incubation, Lb pro completely processed both substrates to monoubiquitin (data not shown). These data show that both of the two major forms of polyubiquitin chains, K48 and K63, serve as in vitro substrates for recombinant FMDV Lb pro .
FMDV Lb pro has DUB activity in vivo. To determine whether Lb pro functioned as a DUB in a cell-based assay, HEK293T cells were transfected with the empty vector or increasing amounts of plasmid DNA encoding Lb pro along with HA-tagged ubiquitin vector (HA-Ub), and the effect of Lb pro on all ubiquitinated cellular proteins was assessed via Western blotting with an anti-HA antibody. As shown in Fig. 3A 2AYN) . The topologies of the proteins were structurally aligned and superimposed using the Web-based server SSM (http://www.ebi.ac.uk/msd-srv/ssm/cgi-bin/ssmserver). A ribbon diagram of conserved topologies shows FMDV Lb pro , SARS-CoV PLpro, and USP14 in color; the rest is represented by gray.
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transfected with HA-K48-Ub or HA-K63-Ub in lieu of HAUb. These constructs allow solely the formation of K48-and K63-linked polyubiquitin chains, respectively (34) . Notably, both K48-and K63-linked Ub chains were processed by Lb pro in a dose-dependent manner, with no apparent preference between them ( Fig. 3B and C) . These results confirm our earlier results that FMDV Lb pro is a potent DUB that removes ubiquitin conjugates formed through either K48 or K63 linkage from many cellular substrates.
To exclude the possibility that the DUB activity of Lb The DUB activity of FMDV Lb pro is uncoupled from its ability to process eIF-4G. It is established that L pro possesses the ability to cleave the translation initiation factor eIF-4G and shuts off host cell translation (15) . We considered the possibility that the DUB activity of Lb pro is coupled with or dependent upon its ability to cleave eIF-4G. Previous studies revealed that mutations in amino acid residues C51, D163, and D164 in L pro partially reduced (D163N and D164N) or completely eliminated (C51A and D163N/D164N) the abilities of L pro to process itself from viral polyprotein and to cleave eIF-4G (15, 41) . Such activities of L pro , however, were not affected upon disruption of the SAP domain by double amino acid substitutions at residues 83 and 86 (I83A/L86A) (11) . Based on these previous findings, we constructed these Lb pro mutants and compared them with WT Lb pro for DUB activity and the ability to cleave eIF-4G. In agreement with the previous studies, the I83A/L86A double mutant retained the ability to cleave eIF-4G (Fig. 5A, lane 7) , while the D163N/D164N double mutant (lane 10) and the C51A mutant (lane 4) completely lost such activity. These Lb pro mutants were then examined for DUB activity in HEK293T cells. To this end, HEK293T cells were cotransfected with the Flag-Ub vector and the indicated Lb pro expression plasmids. As shown in Fig.  5B , overexpression of WT Lb pro almost completely eliminated Flag-Ub-reactive protein bands (lane 3). The catalytically inactive mutants (C51A and D163N/D164N) lost the DUB activity (lanes 4 and 10, respectively), as did the SAP domain I83A/L86A double mutant (lane 7), which is capable of eIF-4G cleavage. These data suggest that although the catalytic activity of Lb pro is important for its DUB activity, the latter does not depend on the ability of Lb pro to process eIF-4G (i.e., proteolytic activity). Further confirming this notion, the D164N mutant was less active in cleaving eIF-4G than was the I83A/L86A double mutant (Fig. 5A , compare lanes 9 and 7) but had substantially better DUB activity than the latter (Fig. 5B , compare lanes 9 and 7). Similar results were obtained when K48-Ub or K63-Ub was used in lieu of HA-Ub to compare the DUB activities of WT and mutant Lb pro (data not shown). DUB activity is essential for FMDV Lb pro to block type I IFN induction. Ubiquitination is essential for the activation of pro -V5 conjugated proteins by Western blotting. Anti-beta-actin antibody was used to detect beta-actin, which serves as a protein loading control. many components of the type I IFN signaling pathway, such as RIG-I, TBK1, TRAF3, and TRAF6 (12, 19, 20, 30, 50) . In addition, the negative feedback regulation of these molecules depends in part on DUBs (25, 44, 49) . Previous studies have shown that several viral proteins that contain a conserved DUB motif can block the IFN-␤ response, including SARS-CoV PLpro, HCoV NL63 PLP2, and MHV A59 PLP2 (8, 13, 18, 54) . To determine whether Lb pro also can block the type I IFN signaling pathway, HEK293T cells were transfected with an Lb pro expression construct together with a luciferase reporter plasmid with the IFN-␤ promoter and pRL-TK, followed by SEV infection. As shown in Fig. 6A , Lb pro downregulated SEV-induced IFN-␤ promoter in a dose-dependent manner; these data were consistent with the report that L pro inhibits IFN-␤ transcription (9, 10, 51) . We further investigated whether overexpression of Lb pro inhibits RIG-I-, TBK1-, and TRAF6-mediated activation of the IFN-␤ promoter. To this end, HEK293T cells were transfected with DNA constructs encoding RIG-I, TBK1, or TRAF6, together with IFN-␤-Luc. As shown in Fig. 6B , overexpression of RIG-I, TBK1, or TRAF6 significantly activated the IFN-␤ promoter compared with cells transfected with the empty vector control. However, such effects were all substantially reduced in the presence of Lb pro .
To determine whether the DUB activity of Lb pro is involved in Lb pro inhibition of type I IFN induction, various Lb pro mutants with differing DUB activities (Fig. 5B) were analyzed for their ability to impair signaling to the SEV-induced IFN-␤ promoter in HEK293T cells. As shown in Fig. 6C , the catalytically inactive mutants (C51A and D163N/D164N) devoid of DUB activity completely lost the ability to block viral activation of the IFN-␤ promoter, as did the proteolytically active, SAP domain I83A/L86A double mutant, which was also defective for DUB activity. Thus, the DUB activity, but not the proteolytic activities toward viral polyprotein and eIF-4G, is critical for the function of Lb pro as an IFN antagonist. Our data also revealed that the D163N and D164N mutants were still able to significantly inhibit IFN induction (to similar extents), although both were less effective than WT Lb pro (Fig. 6C ). This provides further support for the notion that the ability of FMDV Lb pro to block viral induction of IFN-␤ transcription is proportional to its DUB activity instead of the proteolytic activity, because these two mutants differed in their proteolytic activity (Fig. 5A, lanes 8 and 9) yet had similar reduced DUB activity compared with WT Lb pro (Fig. 5B, lanes 8 and 9) . We found that these Lb pro mutants acted in a similar fashion when the IFN-␤ promoter was activated by ectopic expression of RIG-I, TBK1, and TRAF6 (data not shown).
FMDV Lb pro deubiquitinates RIG-I, TBK1, TRAF3, and TRAF6. We further investigated whether the IFN antagonist function of Lb pro is associated with the deubiquitination of RIG-I, TBK1, TRAF6, and TRAF3, which are essential signaling components in the type I IFN pathway activated by virus infection. We found that overexpression of Lb pro significantly inhibited ubiquitination of RIG-I (Fig. 7A), TBK1 (Fig. 7B) , TRAF6 (Fig. 7C), and TRAF3 (Fig. 7D) . In contrast, the Lb pro mutants (C51A, D163N/D164N, and I83A/L86A) lacking DUB activity (Fig. 5B) and incapable of inhibiting IFN induction (Fig. 6C) had no such effects. Taken together, our results 
DISCUSSION
FMD is one of the most contagious diseases of clovenhoofed animals. The responsible agent, FMDV, rapidly replicates and disseminates within the infected animal and is able to spread quickly to susceptible animals that are in close contact (22) . Previous studies have revealed that FMDV L pro , a papainlike proteinase, is involved in antagonizing the innate immune responses by inhibiting type I interferon production, which is thought to play an important role in FMDV pathogenesis and virulence (10, 39, 51) . Precisely how L pro accomplishes this important function, however, remains unclear. Various mechanisms have been proposed, including the blockade of capdependent translation of cellular mRNAs (including those of IFNs) through L pro -mediated cleavage of eIF-4G and the inhibition of induction of type I IFN transcription via an as-yet unclear mechanism(s) (9, 10, 15, 51) . In this study, we provide biochemical and molecular evidence that FMDV Lb pro is a novel viral deubiquitinating enzyme. Our study also uncovers a novel mechanism by which FMDV Lb pro antagonizes type I IFN induction, i.e., by deubiquitinating the critical signaling components RIG-I, TBK1, TRAF6, and TRAF3. Our data comparing various Lb pro mutants suggest that the DUB activity of Lb pro , but not its classical proteolytic activity toward eIF-4G and viral polyprotein, governs the ability of Lb pro to block induction of the IFN-␤ promoter.
DUB activity was recently demonstrated for many viral proteins encoded by distinct viruses, such as human adenovirus, herpesvirus, coronavirus, and bunyavirus, and these enzymes play specific roles in regulation of viral infection (1, 2, 8, 16, 28, 42, 45, 54) . Here, three strategies were used to demonstrate FMDV Lb pro to be a novel viral DUB: (i) a bioinformatics approach to predict FMDV Lb pro to be a DUB, (ii) an in vitro deubiquitination assay, and (iii) an assay of deubiquitination (27) , herpes simplex virus type 1 (HSV-1) UL36 (27) , and SARS-CoV PLpro (29) .
Many cysteine proteases encoded by RNA viruses, which generate mature viral proteins from viral polyprotein that are necessary for virus replication, have been found to be multifunctional proteins. Like the coronaviral papain-like proteases, including SARS-CoV PLpro, MHV A59 PLP2, and HCoV NL63 PLP2, and the cysteine protease of an arterivirus, i.e., the nonstructural protein 2 (NSP2) of porcine reproductive and respiratory syndrome virus, Lb pro possesses deubiquitination activity and is able to antagonize innate immune induction of type I interferon (2, 6, 8, 13, 18, 28, 45, 54) . Using an IFN-␤ promoter reporter assay, we also demonstrated that Lb pro , as a novel picornavirus DUB, significantly blocked SEV-induced IFN-␤ expression in a dose-dependent manner. These data are consistent with previous reports that L pro is an antagonist of IFN-␤ (9, 10, 51). Recent studies indicated that a SAP domain exists in L pro (11) . Initially, we would like to know which one of the three functions/domains of L pro , namely, cysteine protease, the SAP domain, and DUB activity, is sufficient for the inhibition of viral induction of IFN-␤ transcription. Although we cannot exclude the possibility that the protease activity is also involved, our data clearly demonstrated that the ability to block activation of the IFN-␤ promoter correlated with the DUB activity of Lb pro but not its proteolytic activity (toward eIF-4G). At present, we do not know whether the SAP domain also contributes to inhibition of IFN induction by Lb pro , as the SAP domain mutants also were impaired/defective for DUB activity. Future investigation to identify SAP mutants that disrupt this domain but do not affect the DUB activity will be required.
Ubiquitination and deubiquitination are critically involved in virus-induced type I IFN signaling pathways. Several ubiquitin ligase enzymes have been found to regulate these processes (3, 25, 44) . For example, ubiquitination of RIG-I by the E3 ubiquitin ligase TRIM25 is necessary and sufficient to activate VISA/IPS-1/MAVS/Cardif, which triggers the downstream signaling cascade to produce type I IFN (19) . Nrdp1, as an E3 ligase for TBK1, interacts with TBK1 and promotes ubiquitination of TBK1, leading to TBK1 and IRF-3 activation (50) . In addition, virus-triggered ubiquitination of TRAF3/6 by cIAP1/2 is essential for induction of IFN-␤ and the cellular antiviral response (30) . However, a few cellular DUBs are known to negatively regulate type I IFN signaling pathways. A20, DUBA, and CYLD were found to target RIG-I, TRAF3, and TBK1, respectively, for deubiquitination, thereby functioning as negative regulators of innate immune responses (17, 26, 52) . In addition, the bacterial virulence factor YopJ is a deubiquitinating protease that acts on TRAF proteins to prevent or remove the ubiquitin conjugates required for signal transduction (46) . To our knowledge, thus far there has been no direct demonstration of whether viral DUBs can remove ubiquitin chains from RIG-I, TBK1, and TRAF3/6, which in turn negatively regulates type I IFN induction. We report here that FMDV Lb pro significantly inhibits ubiquitination of RIG-I, TBK1, and TRAF3/6, which is essential for activation of type I IFN signaling. Both catalytically inactive mutants and double SAP domain mutants that are defective for DUB activity lost the capability of reducing the ubiquitinated RIG-I, TBK1, and TRAF3/6, indicating that the DUB activity of FMDV Lb pro is directly involved in the inhibition of type I IFN induction. Thus, FMDV L pro is a multifunctional protein that blocks the IFN antiviral response through multiple distinct mechanisms: (i) L pro cleaves the translation initiation factor eIF-4G and shuts off host cell translation, resulting in lower levels of IFN protein expression (15); (ii) L pro represses the transcription of IFN-␤ not only by inhibiting activation of NF-B but also by decreasing IRF-3/7 protein expression (10, 51) ; and (iii) L pro acts as a DUB that cleaves ubiquitin chains from RIG-I, TBK1, TRAF6, and TRAF3, thereby inhibiting the activation of type I IFN signaling (this study). The identification of FMDV L pro as a viral DUB reveals the multilayered counteracting of host defense by a picornaviral leader protein and opens new research avenues to develop effective new strategies that target L pro for control of FMDV infections.
